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ABSTRACT
We explore a potential new probe of reionization: the cross-correlation of high-redshift galaxies with
maps of the thermal Sunyaev-Zel’dovich (tSZ) effect. We consider two types of high redshift galaxies:
Lyman break galaxies (LBGs) and Lyman-α emitters (LAEs). LBGs and LAEs will be detected in large
numbers at high redshift (z ≈ 4 – 7) by ongoing and future surveys. We consider a LBG sample like that
expected from the The Rubin Observatory Legacy Survey of Space and Time (LSST), and a selection
of LAEs modelled after the Subaru SILVERRUSH program, but covering a much larger sky fraction.
The tSZ effect is sensitive to a line-of-sight integral of the ionized gas pressure, and can be measured
across large patches of the sky using multi-frequency CMB surveys. We consider forecast tSZ maps
from CMB Stage 4 and more futuristic observations. Using a suite of hydrodynamical simulations, we
show that the high-redshift galaxies are correlated with the tSZ signal from reionization, with cross-
power amplitude of order 10−15 at ` ∼ 1000. The cross-spectra between LBGs/LAEs with tSZ maps
contain information about the reionization history of the Universe, such as the distribution of bubble
sizes, and could in principle be used to directly measure the timing of reionization. The amplitude of
the signal is small, however, and its detectability is hindered by low-redshift contributions to tSZ maps
and by instrumental noise. If the the low-redshift contribution to the observed tSZ signal is suppressed
by masking of massive halos, a combination of overlapping futuristic CMB and galaxy surveys could
potentially probe this signal.
1. INTRODUCTION
Reionization impacts the observed cosmic microwave
background (CMB) in several ways. For one, CMB pho-
tons may Thompson scatter with the free electrons re-
leased by reionization. This process impacts the ob-
served temperature and polarization power spectra, en-
abling measurement of the optical depth to the last scat-
tering surface, τ . A constraint on τ in turn constrains
the timing of reionization, since an earlier onset will in-
crease the volume of ionized gas that CMB photons must
traverse, thereby increasing τ (for a review see Reichardt
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2016). CMB observations also constrain reionization via
the kinematic Sunyaev-Zel’dovich (kSZ) effect (Sunyaev
& Zeldovich 1980). The kSZ is a Doppler shift imparted
to CMB photons by inverse Compton scattering with
ionized gas that has bulk velocity relative to the CMB
rest frame (for a review see Birkinshaw 1999). The inho-
mogeneously ionized Universe during reionization leads
to a “patchy” kSZ signal that can be observed by CMB
experiments (Gruzinov & Hu 1998). Measurements of
this patchy signal constrain the duration of reionization
(e.g. Reichardt et al. 2020).
Reionization should also leave an impact in the CMB
via the thermal Sunyaev-Zel’dovich (tSZ) effect (Sun-
yaev & Zeldovich 1972), which results from inverse
Compton scattering of CMB photons with hot ionized
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2gas. This process leads to a spectral distortion in the
CMB that is sensitive to Compton-y, which is in turn
proportional to a line-of-sight integral of the ionized gas
pressure:
y =
σT
mec2
∫ ∞
0
dl Pe(l), (1)
where Pe(l) is the electron pressure and l is the line of
sight distance. The same bubbles of warm ionized gas
that lead to the patchy kSZ signal should also lead to an
inhomogenous y signal. Since y scales like kBT/mec
2,
where T is the gas temperature, while the kSZ signal
scales like v/c, where v is the gas bulk velocity, the rel-
ative amplitude of the tSZ signal to the kSZ signal is
roughly TkB/mecv. The temperature inside the reion-
ized bubbles of gas is roughly T ∼ 104 K, and a char-
acteristic velocity is v ∼ 200 km/s. Substituting these
values, the thermal SZ signal from reionization is ex-
pected to be about two orders of magnitude smaller than
the kinematic signal. However, the y signal carries addi-
tional information about the thermodynamics of the gas
that could in principle be used to constrain reionization
models. Furthermore, unlike the kSZ, the tSZ leads to a
distinct spectral distortion in the CMB, making it more
straightforward to estimate from multifrequency CMB
observations than the blackbody-preserving kSZ signal.
The y signal is sensitive to all gas between the ob-
server and the last scattering surface. Because the hot
gas in halos at low redshift makes a dominant contribu-
tion to the integrated pressure, measurements of the y
power spectrum are essentially only sensitive to the low-
redshift gas that lives in the most massive dark matter
halos (e.g. Makiya et al. 2018). Extracting the high-
redshift contribution to the y power spectrum would re-
quire modeling (and subtracting) the low-redshift con-
tribution with extremely high accuracy.
However, by cross-correlating maps of Compton-y
with a tracer of the large scale structure at high red-
shift, such as galaxies, one can effectively isolate the
contributions to y from the high-redshift Universe. In
this case, the low-redshift contribution acts solely as a
noise source. A detection of this correlation as a func-
tion of redshift has the potential to directly probe how
the Universe reionized over cosmic time.
One way to select large populations of high-redshift
galaxies for this purpose is via wide-field photometric
surveys. Ongoing (e.g. the GOLDRUSH catalog from
HSC, Ono et al. 2018) and future (e.g. the Vera C.
Rubin Observatory Legacy Survey of Space and Time,
LSST1, Ivezic´ et al. 2019; WFIRST, Spergel et al. 2015;
1 http://www.lsst.org
EUCLID, Laureijs et al. 2011) deep imaging surveys can
employ so-called dropout methods to select high redshift
galaxies. As the Lyman break feature in a galaxy spec-
trum passes through the optical filter bands, the galaxy
will disappear (i.e. dropout) in the bluer bands. Sim-
ple color and flux cuts can be used to select populations
of these Lyman break galaxies (LBGs) localized in fairly
narrow redshift intervals. For instance, g-band dropouts
are localized at around z ∼ 4, r-band dropouts are lo-
calized around z ∼ 5, etc. Large samples of dropout-
selected galaxies are expected from LSST and other fu-
ture imaging surveys (Wilson & White 2019).
Another class of galaxies that can be relatively easily
identified at high redshift are Lyman-α emitters (LAEs).
Narrow band searches can be used to identify the red-
shifted Lyman-α emission from these galaxies out to
z ∼ 7. While the largest samples of LAEs to date
have been derived from fairly small area surveys —
such as the ∼ 20 deg2 SILVERRUSH survey using the
Subaru telescope (Ouchi et al. 2018) — future samples
may be obtained from much larger sky areas using e.g.
SPHEREx (Dore´ et al. 2014).
In this work, we explore the cross-correlation signal
between high redshift galaxies (both LBGs and LAEs)
and Compton-y using the Sherwood simulation suite
(Bolton et al. 2017), a set of IGM-focused hydrodynam-
ical simulations. We show that the galaxy-y correlation
provides a distinctive signal of reionization. We then de-
termine whether future surveys have a hope of detecting
this signal.
Several recent works (e.g. Sobacchi et al. 2016; Kub-
ota et al. 2018) have considered the related possibility
of probing reionization with measurement of the correla-
tion between high-redshift galaxies, such as LAEs, and
maps of the redshifted 21-cm signal from neutral hydro-
gen. The correlation considered here — between similar
galaxies and y — is complementary to the 21-cm cor-
relation, since it provides additional information about
the gas pressure in the ionized bubbles. Additionally,
the estimation of the y and 21-cm signals from data
must contend with different observational challenges.
Brightness temperature fluctuations due to galactic syn-
chrotron and extragalactic point sources are orders of
magnitude larger than the expected 21-cm signal (e.g.
Shaver et al. 1999). In the case of y, the main observa-
tional challenges are instrument noise and contributions
to y from low-redshift structure, as we discuss in more
detail below.
The paper is organized as follows. In §2 we describe
the simulations used to compute the cross-correlation
between galaxies and Compton-y; in §3 we described
the methodology for forecasting constraints on these
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Figure 1. Simulated galaxy populations and the contribution to the Compton-y signal from within the corresponding galaxy
survey band. From left to right we show the slices at z = 5.000, 5.946, 5.756 and 7.444, with mock LBG and LAE positions
indicated by white circles. The left two panels show the simulated y-signal from integrating across the mock broadbands, yBB,
corresponding to r- and i-band dropout galaxy selections; the mock LBG population are overlayed as white circles. The right
panels similarly show the simulated y-signal from integrating across the mock NB816 and NB101 narrowbands, yNB, with the
LAE population overlayed as white circles. Both galaxy populations are highly spatially correlated with the y-signal.
cross-correlations from future surveys; our results are
presented in §4, and we conclude in §5. In Appendix A
we explore how our results are impacted by the feedback
modelling within our simulations, whilst in Appendix B
we provide simple analytical estimates for the amplitude
of the y signal from reionized bubbles.
2. SIMULATIONS
We employ the same simulation setup as in Roy et al.
(2020), using the Sherwood simulation suite (Bolton
et al. 2017) to model the LBG, LAE and y signals.
This suite of cosmological hydrodynamical simulations
was designed to capture the evolution of the low-density
inter-galactic medium (IGM). We employ the delayed
reionization history that has recently been found to ex-
plain Lyα forest opacity fluctuations (Kulkarni et al.
2019; Keating et al. 2020; Nasir & D’Aloisio 2019), the
high-redshift LAE luminosity function evolution (Wein-
berger et al. 2019), and the low Thomson scattering
optical depth to the CMB (Planck Collaboration et al.
2018).
2.1. Reionizing the Sherwood simulations
The Sherwood suite was run using the P-Gadget-3
smoothed-particle hydrodynamics (SPH) code (Springel
2005; Springel et al. 2001), with a range of simulation
box sizes and resolutions. In this work we make use of
the largest volume which has a side length of L = 160
cMpc/h2 and particle number N = 2 × 20483, giving a
2 We use the prefix c to denote comoving units, whilst p indi-
cates proper units.
dark matter particle mass of MDM = 3.44 × 107M/h.
The cosmological parameters were derived from the
Planck Collaboration et al. (2014) results, including
h = 0.678, Ωm = 0.308, ΩΛ = 0.692, Ωb = 0.0482, σ8 =
0.829, n = 0.961, and YHe = 0.24. To improve computa-
tional efficiency, the QUICK LYA star formation prescrip-
tion (Viel et al. 2004) was employed, in which cold dense
gas (T < 105 K, ∆ > 103) is converted into star particles
(see Appendix A for discussion of the impact of this pre-
scription on our results). From this simulation we use
the SPH kernel to interpolate the hydrodynamic quanti-
ties onto a uniform grid at our target redshifts of interest
z = 5.000, 5.756, 5.946, 6.604, 6.860, 7.444. These red-
shifts overlap with the broadband i and r filters (which
can be used to identify high-redshift LBGs via dropout
selection), and the narrowband NB816, NB921, NB973,
and NB101 filters (which can be used to identify high-
redshift LAEs).
We employ the late reionization history of Kulkarni
et al. (2019) by post-processing the simulations with the
radiative transfer code Aton (for further details of the
code, see Aubert & Teyssier 2010, 2008; for details of
the simulation setup, see Kulkarni et al. 2019). We note
that the shape and evolution of the cross-correlation sig-
nal is dependent on the reionization history (which con-
trols the ionized bubble distribution, see Appendix B)
and hence by fixing this choice we are forecasting only
for this specific case. As discussed further in Roy et al.
(2020) and Weinberger et al. (2020), our chosen reion-
ization history is consistent with existing observations of
the Lyman-α forest (Kulkarni et al. 2019; Keating et al.
2020; Nasir & D’Aloisio 2019), LAE populations (Wein-
4berger et al. 2019) and the CMB optical depth (Planck
Collaboration et al. 2018).
To push our forecasts to scales larger than our fiducial
160 cMpc/h simulation volume, we also employ a semi-
numerical simulation with a side length of 1 cGpc (Roy
et al. 2020), run using 21cmFast (Mesinger et al. 2011).
This simulation lacks the spatial resolution to accurately
model the smaller scale correlations between y and the
galaxy populations, however it is effective for predict-
ing the large scale modes. We post-process this simula-
tion with the same reionization history as the Sherwood
simulation, using the calibrated excursion set method
of Choudhury et al. (2015). For further implementation
details and a comparison of these simulations, we refer
the reader to Roy et al. (2020).
While the bulk of our analysis focuses on results from
numerical simulations, in Appendix B we provide ana-
lytical estimates for the amplitude of the signal that are
in good agreement with the simulation results.
2.2. Modelling the y signal
It is useful to consider the contribution to the total
y from structure between redshifts zmin and zmax. Re-
framing Eq. (1) as an integral over redshift (here using
the comoving electron pressure), we have
y(zmin, zmax) =
σT
mec2
∫ zmax
zmin
dz (1 + z)2
dχ
dz
Pe(z) (2)
≡
∫ zmax
zmin
dz Wy(z) Pe(z) (3)
where χ is comoving distance, and the window function
is given by,
Wy(z) ≡ σT
mec2
(1 + z)2
dχ
dz
. (4)
The y-signal measured by CMB experiments is sensitive
to the full integral of the ionized gas pressure from to
zmin = 0 to zmax = zCMB ∼ 1100 (see Eq. 1). However
the cross-correlation with a galaxy survey will pick out
the contribution to y from within the survey volume.
In practice, we perform the integral in Eq. 3 across the
redshift limits of the galaxy bands, and use the notation
yBB or yNB (broadband and narrowband, respectively)
for this “band-contribution” to the observed (total) y.
This procedure will capture the contributions to y rele-
vant for estimation of the cross-correlation signals.
After interpolating the SPH particles and running the
post-processing radiative transfer, we have grids of xe,
nH and T which can be used to derive Pe. The simu-
lated contribution to the y-signal from broadband and
narrowband survey volumes is shown in Figure 1. These
maps were created by integrating Eq. 3 across the red-
shift range of the band. We note that we do not account
for the lightcone effect here, which may introduce some
inaccuracy for the broadband filters which span ∆z & 1.
2.3. Modelling the LBG and LAE populations
We use the galaxy modelling described in Weinberger
et al. (2019). We will briefly summarise the details of
this modelling here, and refer the interested reader to
that work for further information.
We start with the dark matter halo population of the
simulation, which is found on-the-fly with a Friends-of-
Friends finder. At z = 5 the minimum and maximum
halo masses are Mminh = 2.3 × 108 M/h and Mmaxh =
4.6 × 1012 M/h, respectively, whilst at z = 7.444 the
maximum mass is Mmaxh = 2.7× 1012 M/h. This halo
population is abundance matched to the UV luminosity
function from Bouwens et al. (2015) at z ∼ 6 with the
duty cycle formalism from Trenti et al. (2010) in order to
create a mock LBG population. The resulting mapping
from halo mass to broadband UV luminosity, LUV(Mh),
can be applied to the halo population at other redshifts
to recover the observed evolution in the luminosity func-
tion.
To generate the LAE population we find the subset of
this LBG population with observable Lyα luminosities
and equivalent widths. The Lyα properties of the LBG
population are modelled statistically using the equiv-
alent width distribution model of Dijkstra & Wyithe
(2012). We calculate the IGM transmission along sin-
gle sightlines through the simulated IGM to each LAE
in order to account for the effect of reionization3 (for
further details see Weinberger et al. 2018).
When calculating correlation statistics we use the di-
mensionless overdensity,
δ2Dg =
∫ zmax
zmin
dz
n(z)
n¯
δ3Dg (z) (5)
≡
∫ zmax
zmin
dz Wg(z) δ
3D
g (z), (6)
where n(z) is the redshift distribution of galaxies, and
the galaxy window function is given by,
Wg(z) =
n(z)
n¯
(7)
3 We note that we only model the LAE population in the 160
cMpc/h Sherwood simulation and not the 1 cGpc simulation, as
the Lyα transmission calculation is sensitive to how well the sim-
ulation can resolve the small-scale self-shielded neutral hydrogen
around halos.
5Here we match the window function to the desired red-
shift distribution of both the broadband (Ono et al.
2018) and narrowband (Shibuya et al. 2018) filters. In
order to forecast realistic galaxy shot noise we calibrate
the luminosity selection such that we recover expected
survey number densities, n¯. For the mock LAE pop-
ulations we match to the observed densities from the
SILVERRUSH survey (Ouchi et al. 2018), whilst for the
LBG populations we match to forecast number densities
from Wilson & White (2019)
2.4. Correlation statistics
Given the full 3D information content of the simula-
tion, we first calculate the spatial power spectrum in 3D,
〈δ˜g(k1)P˜e(k2)〉 = (2pi)3δD(k1 + k2)PgPe(k), (8)
where a tilde indicates the Fourier transformed field, and
PgPe(k) is the cross-power spectrum between LAEs and
the electron pressure. Using the Limber approximation
(Limber 1953; Peebles 1980) this can be projected to the
2D cross-power spectrum,
Cgy` =
σT
mec2
∫
dz (1 + z)2
n(z)
n¯
1
χ2(z)
× PgPe
(
k =
`+ 1/2
χ(z)
; z
)
, (9)
where we have further assumed that the comoving an-
gular diameter distance dA = χ, valid in the limit of
a flat universe. We construct the auto-power spectra
similarly.
3. FORECASTING METHODOLOGY
We now forecast the ability of CMB and galaxy sur-
veys to measure Cgy` . Measurement of C
gy
` must con-
tend with three sources of noise: (1) shot noise from the
galaxy survey, (2) instrument and foreground noise in
the estimated Compton-y maps, and (3) the y contribu-
tions from structure at low redshift (i.e. after reioniza-
tion) that is uncorrelated with the signal at high red-
shift. For future surveys, the y noise contribution from
low redshift structure can be comparable to or greater
than that of instrument and foreground noise. However,
as we discuss in more detail below, the contribution from
low-redshift structure can be suppressed by masking de-
tected halos at low redshift.
The covariance of the Cgy` cross-spectrum in princi-
ple includes four-point combinations of the galaxy and
Compton-y fields. However, because the Compton-y
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Figure 2. The Compton-y auto-spectrum before (green
dotted) and after (blue dashed) masking halos with M >
3 × 1013M. Masking massive halos significantly reduces
the y auto-spectrum, which acts as a source of noise for the
measurement of the cross-correlation between high-redshift
galaxies and y. Also shown is the fiducial noise level assumed
for forecasts (red solid curve), which is a factor of ten lower
than that expected for CMB-S4.
map is dominated by low-z y and noise — which are
both uncorrelated with the reionization signal — we can
ignore the connected part of the four-point function and
consider only the Gaussian limit. In this limit, the error
on the measured Cgy` is given by
σ2(Cgy`i ) =
1
(2`+ 1)∆`fsky[(
Cyy−lowz` +N
yy
`
)(
Cgg` +
1
n¯
)
+ (Cgy` )
2
]
, (10)
where `i labels the ` bin, ∆` is the width of the bins, fsky
is the observed sky fraction, Cyy−lowz` is the low-redshift
contribution to the y auto-spectrum, Nyy` is the noise
and foreground contribution to the y auto-spectrum,
and Cgg` is the galaxy auto-spectrum. We ignore the
contribution to the total y auto-power from high redshift
y, since this contribution is subdominant compared to
the instrumental noise and low-redshift contributions.
We compute the Cgg` and C
gy
` terms directly from the
simulations, as described in §2.4. We discuss the com-
putation of Cyy−lowz` and N
yy
` in the following section.
3.1. Noise in Compton-y maps
We compute the low redshift (i.e. post-reionization)
contribution to the y auto-power, Cyy−lowz` , using the
halo model formalism. Details of the halo model calcu-
lation for the y auto-power can be found in e.g. Vikram
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Figure 3. The galaxy-y cross-spectra (top panels) and galaxy clustering auto-spectra (bottom panels) computed from the
simulations. The left panels show the results for LBGs, while the right panels show the results for LAEs. For the LBG results,
we show power spectra computed for the 160 cMpc/h Sherwood simulation with solid lines, and power spectra for the 1 cGpc
simulation with dashed lines. In the bottom panels, the thick curves correspond to the total (signal and noise) galaxy auto-power,
while the thin lines correspond to the shot noise for each galaxy sample.
et al. (2017), Hill et al. (2018) and Pandey et al. (2019).
We exactly follow the methodology described in Pandey
et al. (2019). In this model, all gas in the Universe
resides in halos. The y auto-spectrum can then be com-
puted when the pressure profiles of halos of a given mass
and redshift are known, and when the clustering of the
halos is specified. We assume the halo pressure profiles
are specified by the fits to hydrodynamical simulations
from Battaglia et al. (2012). In these fits, the halo pres-
sure profile is described by a generalized Navarro-Frenk-
White profile (Navarro et al. 1996),
P (x = r/R200c) = P0(x/xc)
γ(1 + (x/xc)
λ)−β , (11)
where r is the distance to the halo center, R200c is the
halo radius, and x0, β, λ and γ are model parameters
varied in the fits. The clustering of halos is described by
a linear bias model. We show the computed Cyy−lowz`
curve as the green dotted line in Fig. 2.
The integrated Compton-y signal from a halo of mass
M scales roughly as M5/3; as a result, the most mas-
sive halos make a large contribution to the total y power
despite their low abundance. Fig. 3 from Makiya et al.
(2018) nicely illustrates that the bulk of the contribu-
tions to the y auto-spectrum come from halos with M ∼
1015M. Consequently, if these massive (and rare) ha-
los can be detected and masked, the total Cyy−lowz` can
be reduced significantly. In Fig. 2 we show the impact on
Cyy−lowz` when halos with M > Mthreshold = 3×1013M
are removed. This mass scale corresponds roughly to
large galaxy groups, which will be detected over large
patches of the sky by e.g. LSST (Ivezic´ et al. 2019).
The resultant reduction in power is nearly two orders of
magnitude below l ∼ 1000.
As we will show below, the expected signal-to-noise for
the galaxy-y correlation measurements is low, even for
futuristic surveys. We therefore make forecasts for both
7CMB Stage 4 (CMB-S4; Abazajian et al. 2016), and for
a more futuristic survey (which we refer to as CMB-S5)
that has a factor of ten lower noise in Compton-y. The
y noise forecasts for CMB-S4 are taken from Abazajian
et al. (2019). Since the noise in the estimate of y is
very roughly proportional to the temperature noise, our
estimated y noise for CMB-S5 is about a factor of four
better than that expected for Probe of Inflation and Cos-
mic Origins (PICO) (Sutin et al. 2018). While adopting
such a low noise level is clearly optimistic, taking this
route makes it clear how much improvement relative to
CMB-S4 is needed in order to obtain interesting con-
straints on reionization from these measurements. The
fiducial noise spectrum (for CMB-S5) is shown as the
red solid curve in Fig. 2. We ignore potential issues of
contamination in the y maps (such as from the cosmic
infrared background), but return briefly to this issue in
§5.
We will adopt fsky = 0.5 for all forecasts. This is
a reasonable assumption if one considers CMB-S4 or a
space-based CMB survey (like PICO) correlated with
galaxies identified from a wide-field survey like LSST.
Dropout techniques should make selection of LBGs at
high-redshift from such wide-area surveys feasible. Us-
ing fsky = 0.5 is much more optimistic for the LAE-
based forecasts, considering that current LAE surveys
cover at most ∼ 20 deg2 (Ono et al. 2018). Expanded
sky coverage is expected in the future from missions such
as SPHEREx (Dore´ et al. 2014), which will enable in-
tensity mapping of LAEs over its roughly 200 deg2 deep
fields. At the very least, our use of fsky = 0.5 makes it
easier to compare the LBG and LAE forecasts. Metal-
line intensity mapping, such as [C ii] (Gong et al. 2012)
measured by the CONCERTO survey (Lagache et al.
2018), may also be a useful tracer of high-redshift large
scale structure (Dumitru et al. 2019). We expect the
y-[C ii] cross-correlation to look similar to y-LBG, how-
ever we leave survey forecasts of that signal to future
work.
4. RESULTS
The galaxy-y and galaxy-galaxy spectra measured
from the simulations corresponding to Fig. 1 are shown
in the top panel of Fig. 3, with the left (right) panels cor-
responding to the results for LBGs (LAEs). As apparent
already at the map level in Fig. 1, the LAEs and LBGs
are correlated with Compton-y. This is expected, as the
pressure of the gas and the ionization field — which to-
gether yield the Compton-y field — are correlated with
large scale structure, as are the LBGs/LAEs.
Redshift evolution in the galaxy-y cross-spectra is also
apparent in Fig. 3. At high redshift (z & 6), the cross-
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Figure 4. The impact on the large-scale LBG-y cross-power
of nulling fluctuations in the density field (blue), and fluctu-
ations in the ionization and temperature fields (green). Re-
sults are shown for the 1 Gpc simulation with galaxies cor-
responding to the z ∼ 6 i-band dropout selection. Setting
the ionization and temperature fields to their mean values
reduces the cross-power by roughly an order of magnitude,
whereas setting the density to the mean value only deviates
from the fiducial case (pink curve) on smaller scales ` > 400.
These results suggest that the LBG-y cross-power on large
scales is driven by fluctuations in the ionization and temper-
ature fields.
spectra show an excess of power relative to the cross-
spectra at lower redshift. This excess is due to addi-
tional power in the Compton-y field due to the presence
of ionized bubbles at high redshift. We provide a rough
calculation of the expected excess cross-power in Ap-
pendix B. As seen most clearly in the top right panel
of Fig. 3, the bubbles grow larger with decreasing red-
shift, causing a shift in the peak of the y-galaxy cross-
spectra to larger scales (lower `). In going from z ∼ 7.4
to z ∼ 6.6, this change in scale is roughly a factor of
two. The scale factor changes by only a factor of ∼ 10%
over this period, indicating that the bubbles are indeed
growing in physical size.
To determine whether the variations in the pressure or
the ionization fields are driving the signal seen in Fig. 3,
in Fig. 4 we show the impact of replacing the ioniza-
tion field and temperature field, or the density field,
with constant values. For simplicity, we plot only the
cross-spectra with the LBG i-band sample. As seen in
the figure, setting the density field to its mean value
(blue dashed curve) has little impact on the cross-power
at ` ∼ 200 − 300, where the feature seen in the left
top panel of Fig. 3 peaks. On the other hand, setting
84.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
z
−4
−2
0
2
4
6
8
10
C¯
g
y
`
[×
10
15
]
LBG× CMB-S4
LBG× CMB-S5
LAE× CMB-S4
LAE× CMB-S5
0.40.50.60.70.80.90.99
Volume-averaged ionization fraction
Figure 5. Forecast constraints on the amplitude of the Cgy` correlation as a function of z for LAEs (red) and LBGs (blue).
The y-axis shows the average Cgy` computed over the range ` = 300 − 3000, where most of the reionization signal is located.
The horizontal extent of each band indicates the redshift range of the corresponding galaxy selection, while the vertical extent
represents the 1σ uncertainty on the cross-power amplitude. The fainter shaded regions correspond to forecasts for y-maps from
CMB-S4, while the darker regions correspond to a more futuristic survey with ten times lower y noise than CMB-S4, i.e. what
we call CMB-S5. We have assumed that halos with M > 3× 1013M have been identified and masked in the y-maps to reduce
noise from low-redshift structure. The top x-axis shows the volume-averaged ionization fraction at the redshifts indicated by
the bottom x-axis.
the ionization and temperature fields to their mean val-
ues has a large impact on the measured cross-power.
This suggests that the large scale power seen in the Cgy`
cross-spectrum is dominated by fluctuations in the ion-
ization and temperature fields. Similar results hold for
the cross-spectra with the LAEs, albeit on smaller scales
at high redshift.
The bottom panels of Fig. 3 show the galaxy auto-
power spectra (thick curves) including the shot noise
contribution (thin curves). For the most part, over the
range of scales of interest for probing reionization, the
galaxy clustering power dominates over the shot noise.
Consequently, increasing the galaxy density is not ex-
pected to result in significant increases in the signal-
to-noise of the galaxy-y correlations. We note that the
galaxy auto-power spectra are dependent on the survey
selection. Changing the selection will change the galaxy
bias, as well as the level of shot noise. The choice of LAE
luminosity and equivalent width cutoffs for the different
narrowband surveys results in the different shot noise
levels seen in the lower right panel of Fig. 3 (see Table 1
of Weinberger et al. 2020 for further details of the LAE
selection).
In Fig. 5 we show the forecast errorbars on the ampli-
tude of the y-LBG cross-power spectra (for both LAEs
and LBGs) as a function of redshift. We have defined
this amplitude as the mean value of Cgy` over the range
of ` ∈ [300, 3000], where most of the reionization sig-
nal is located. For the fiducial LAE forecast (solid red),
we project that this amplitude can be measured with
signal-to-noise of roughy 1.2, 4.0, 9.2 and 5.6σ in order
of increasing redshift bin; the LBG correlation (solid
blue) can be measured with signal-to-noise of roughly 1
and 1.5σ in order of increasing redshift bin. The width
of each band in Fig. 5 indicates the redshift extent of
that particular galaxy sample.
There is a clear evolution in the correlation function
amplitude shown in Fig. 5 with redshift, corresponding
to the changing statistical properties of the y field over
the course of reionization. For reference, the top x-axis
in Fig. 5 shows the evolution of the volume-averaged ion-
ization fraction. We caution that our fiducial forecasts
have assumed a very high sensitivity CMB experiment,
a factor of ten times better than the planned CMB-S4
sensitivity. Furthermore, our assumption of fsky = 0.5
for the LAE sample may be unrealistic. The light red
and blue bands shown in Fig. 5 correspond to forecasts
9for CMB-S4 noise levels; in this case, the detection sig-
nificance for the different cross-spectra is always below
2σ.
5. DISCUSSION
We have shown that the correlation between high-
redshift LAEs and LBGs with Compton-y carries infor-
mation about the reionization history of the Universe.
The galaxy-y cross-spectra shown in Fig. 3 reveal dis-
tinctive features at the scales of reionized bubbles, and
show clear evidence for redshift evolution over the du-
ration of reionization. Similarly, Fig. 5 shows the red-
shift evolution of the average galaxy-y power (over a re-
stricted ` range), which roughly tracks the reionization
history of the Universe.
Since the galaxy power is not expected to be shot-noise
limited over the relevant angular scales (` . 2000, see
Fig. 3), it is noise in the Compton-y map that largely de-
termines our ability to measure the LBG/LAE-y cross-
spectrum. Both instrumental noise and y from low-
z halos are important sources of noise for our analy-
sis. Masking halos with M > 3 × 1013M reduces the
low-z y power by roughly two orders of magnitude, as
seen in Fig. 2. In principle, less massive halos could
be masked in order to further reduce Cyy−lowz` and in-
crease the signal-to-noise of the cross-correlation mea-
surements. However, as seen in Fig. 2, masking halos
much less massive than 3 × 1013M will cause the in-
strumental and foreground noise to dominate the total
noise power, and further halo masking will therefore be
ineffective.
Unfortunately, the amplitude of the y-LBG/LAE
cross-spectrum is small compared to current and fu-
ture noise levels in Compton-y maps. For expected
CMB-S4 noise levels, no significant detection of the
y-LBG/LAE cross-spectrum is expected. A futuristic
survey with ten times the sensitivity of CMB-S4, or
roughly four times the sensitivity of PICO, could make
a moderate-significance detection of the redshift evo-
lution of the LAE-y correlation, as shown in Fig. 5,
assuming a wide-field LAE sample. By the time any
such CMB mission is completed, however, we will likely
have tighter constraints on reionization from 21 cm
observations and from measurements of the kinematic
Sunyaev-Zel’dovich effect.
Finally, we comment that our analysis has ignored po-
tential systematics that might be important in very low-
noise Compton-y maps, such as contamination of y maps
by e.g. the cosmic infrared background (CIB). Since the
CIB is sourced primarily from z . 4 (e.g. Schmidt et al.
2014), and because the morphology of any contaminat-
ing CIB signal is likely very different from the y signal
generated by the ionized bubbles, CIB contamination is
unlikely to bias the Cgy` measurements considered here,
but it could act as a significant source of noise. However,
given our conclusion that even very futuristic surveys
have little chance of detecting Cgy` at high significance,
we postpone a more careful consideration of such sys-
tematics to future work.
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Figure A1. Testing the contribution of hot halo gas and the effects of feedback. Left : A comparison of the dimensionless
y-LBG cross-power spectrum for our fiducial simulations (solid lines) and for the case when the temperature in the simulation
is capped at T < 105.5 K (dashed lines). Right : The y auto-spectrum at z = 7 for two simulations: “L40 N1024” (blue)
which uses the fiducial feedback prescription employed elsewhere in this work, and “L40 N1024 ps13” (orange) which uses the
supernova-driven feedback model of Puchwein & Springel (2013).
APPENDIX
A. THE HOT HALO GAS CONTRIBUTION AND THE EFFECT OF FEEDBACK
In this work we are chiefly concerned with the correlations between high-redshift galaxy populations and the y-signal
arising from the IGM during reionization. As discussed in Section 3.1, a key component in the low-redshift y-signal
comes not from the IGM but from the hot gas within halos (i.e. from clusters) where stellar feedback is important. In
this appendix we explore to what extent hot halo gas contributes to the high-redshift y-signal, and also whether the
simulation of feedback impacts our results.
To test the contribution of hot halo gas, we recalculate the y-signal with an upper temperature limit of 105.5 K,
setting all gas above this temperature to this cap. In the left panel of Figure A1 we show a comparison using our
fiducial L = 160 cMpc/h simulation of the effect of introducing this temperature cap. In this panel we compare the
y-LBG cross-power spectra, and find that introducing a temperature cap does not significantly affect our results. This
suggests that the hot halo gas is not a dominant contribution to the large-scale correlation signal, but that as discussed
in Appendix B, we expect the signal to arise predominantly from the ionised bubble distribution.
Regarding feedback, the Sherwood simulations we employ in this work were designed to capture the evolution of
the low-density IGM, and approximate star formation within halos using the QUICK LYA feedback prescription (see
Section 2, Viel et al. 2004). To test the effect of feedback we employ two further simulations from the Sherwood
suite with box sizes L = 40 cMpc/h and particle numbers N = 2 × 10243: (i) a fiducial simulation run using
QUICK LYA feedback prescription (referred to as L40 N1024); (ii) a second simulation run with a more accurate feedback
prescription based on the supernova-driven wind model of Puchwein & Springel (2013) (referred to as L40 N1024 ps13).
In the right panel of Figure A1 we show the angular y auto-power spectra for both L = 40 cMpc/h simulations to
compare the impact of feedback. We see that whilst there is some deviation on small scales ` > 104, there is good
agreement in the large scale regime which is of central interest to this work. This suggests that our results are robust
to the choice of feedback prescription.
B. ANALYTICAL CALCULATION
In this appendix we provide rough analytical estimates for the expected Cgy` signal discussed in the main text. The
y signal is given by
y =
σT
mec2
∫
dl Pe(l), (B1)
13
where l is physical distance along the line of sight and Pe is the electron pressure. We consider galaxies located in a
redshift bin that is is not much wider than the size of the ionized bubbles. This assumption simplifies the calculation
because it allows us to ignore the impact of multiple ionized bubbles along the line of sight. For the case of the LAEs —
which are selected with narrowband observations — this assumption is quite reasonable; for the LBGs, this assumption
is likely to be less accurate. We make the approximation that all galaxies live at the centers of reionized bubbles.
Finally, we assume that the ionization fraction and pressure within the bubble are constant (not an unreasonable
approximation, see e.g. Weinberger et al. 2018). Making these approximations, the y along the direction to a galaxy
becomes
ybubble =
2σTRPe
mec2(1 + z)
, (B2)
where R is the bubble radius in comoving units. We can write the pressure in the bubble as
Pe ∼ kB(1 + δ)Ωbρc(1 + z)3 (Xp(1/u) + Yp(2/4u))T, (B3)
where δ ∼ 4 is the overdensity in a bubble, T is the bubble temperature and u is the atomic mass unit. Assuming
T ∼ 104 K we have
ybubble ∼ 1.7× 10−11(1 + δ)(1 + z)2
(
R
10 cMpc/h
)
. (B4)
At z = 7, and for δ = 4, we find y ∼ 5.6 × 10−9 for a bubble of radius 10 cMpc/h. This value agrees well with the
LAE results seen in the Sherwood simulations (Fig. 1).
We now consider estimates for Cgy` . The multipole corresponding to the bubble size is roughly
`bubble ∼ pi/θbubble ∼ piχ(z)/R. (B5)
From Fig. 1, at z ∼ 7 we have R ∼ 10 cMpc/h, so `bubble ∼ 1900; at z ∼ 6.6 we have R ∼ 30 cMpc/h, so `bubble ∼ 640.
These values agree well with the location of the upturns of Cgy(`) seen in Fig. 3. This suggests that the shape of the
cross-spectra directly encode information about the bubble sizes.
The cross-power is related to the y-profile of the bubble via a Hankel transform:
Cgy` = 2pi
∫
dθ θJ0(`θ)ξ
gy(θ), (B6)
where ξgy(θ) is the bubble profile as a function of angular separation, θ. Still assuming that all galaxies live at the
centers of equally sized bubbles, and that the y profile inside a bubble is constant, we have
Cgy` ∼ 2pi
∫ θbubble
0
dθ θJ0(`θ)ybubble, (B7)
where θbubble is the angular scale corresponding to the radius of the bubble at its redshift. Performing this integral
for the bubble radius and y amplitude estimated above at z ∼ 7, the predicted amplitude of the cross-power is
Cgy(` = 2000) ∼ 8× 10−15.
Some bubbles will of course be much smaller than 10 cMpc/h. For these bubbles, the y amplitude at R will be zero,
and the ξgy correlation at R will therefore be suppressed. If we assume that a fraction β of galaxies live in bubbles
smaller than 10 cMpc/h, then the correlation function at this scale will be suppressed by (1− β). The true measured
cross-power is roughly Cgy(` = 2000) ∼ 2 × 10−15. This suggests that (1 − β) ∼ 0.25. From Fig. 1, at z ∼ 7 it
seems reasonable that roughly 75% of galaxies live in bubbles smaller than 10 cMpc/h. Our analytic estimates of the
cross-power and the simulation results therefore appear roughly consistent.
